Introduction
============

Calcineurin (CN), the only known serine/threonine phosphatase regulated by Ca^2+^/CaM, is made up of two subunits: a catalytic subunit calcineurin A and a regulatory subunit calcineurin B (CNB).[@b1-dddt-12-2567],[@b2-dddt-12-2567] CN plays an important role in activating immune cells primarily due to its dephosphorylating activity, and this activity is inhibited by the immunosuppressive drugs cyclosporin A (CsA) and FK506.[@b3-dddt-12-2567],[@b4-dddt-12-2567] CNB is a regulatory subunit of CN, and its basic role is to regulate the phosphatase activity of CN. However, CNB also has other functions, especially anticancer activity. CNB is involved in apoptosis and the proteasome pathway via its interactions with heat shock protein 60, procaspase-3, proteasome subunit alpha type-7 and other proteins.[@b5-dddt-12-2567]--[@b7-dddt-12-2567] Recent studies have indicated that recombinant human calcineurin B (rhCNB) has an anticancer effect in a variety of tumor models. It inhibited the proliferation of human hepatoma HepG2 cells through inducing apoptosis.[@b8-dddt-12-2567] It reduced the growth rate of S180 solid tumors and prolonged the life of the mice by stimulation of immunocytes.[@b9-dddt-12-2567] It had been shown to confer greater protection against tumor-forming E.G7-OVA cells by activation of dendritic cells.[@b10-dddt-12-2567] These results indicate that rhCNB holds promise as an antitumor drug and its antitumor mechanisms are mainly involved in inducing apoptosis and activating immune cells.

Apoptosis, also known as programmed cell death, has been shown to be an attractive strategy for cancer treatment.[@b11-dddt-12-2567],[@b12-dddt-12-2567] There are two main pathways of apoptosis: extrinsic death receptor pathway and intrinsic mitochondrial pathway. The extrinsic death receptor pathway is stimulated by binding of specific ligands to death receptors on the cell membrane, and this triggers a sequential activation of caspase-8 and -3, eventually leading to apoptosis.[@b13-dddt-12-2567],[@b14-dddt-12-2567] The intrinsic apoptotic pathway can be triggered by various intracellular stimuli, such as radiation, viral infections, growth factor starvation and oxidative stress. These insults stimulate mitochondria outer membrane permeabilization, resulting in the leakage of cytochrome C (Cyt-C) from the mitochondria and the formation of the apoptosome complex, which consists of Apaf-1, caspase-9 and Cyt-C. Activation of caspase-9 by apoptosome subsequently cleaves and activates executioner caspases, eventually leading to apoptosis.[@b12-dddt-12-2567],[@b15-dddt-12-2567] Most of other caspases play key roles in apoptosis; caspase-8, -9 and -10 are thought to be the initiator caspases, whereas caspase-3, -6 and -7 serve as effector caspases.[@b16-dddt-12-2567],[@b17-dddt-12-2567] Caspase-3 is the main downstream effector caspase that cleaves the majority of the cellular substrates in apoptotic cells, and it is activated by caspase-8 or -9 in extrinsic or intrinsic pathway.

Dysregulation of cell cycle control and abnormal cellular proliferation is a fundamental aspect of cancer.[@b18-dddt-12-2567],[@b19-dddt-12-2567] Therefore, inducing cell cycle arrest is anticipated to provide an effective approach to cancer therapies for clinical use.[@b20-dddt-12-2567],[@b21-dddt-12-2567] The cell cycle is regulated at different stages by various cyclin--cyclin-dependent kinase (CDK) complexes. CDK1 is the CDK responsible for the entry and exit from G~2~/M and mitosis. It forms a complex with cyclin B1 or cyclin A.[@b19-dddt-12-2567] Downregulation of both cyclin B1 and CDK1 is often correlative with the G~2~/M phase of cell cycle arrest.[@b22-dddt-12-2567],[@b23-dddt-12-2567]

In this study, we demonstrated that rhCNB inhibits the proliferation of gastric cancer cells and hepatoma cells via inducing apoptosis and cell cycle arrest both in vitro and in vivo, providing the groundwork for the potential application of rhCNB in antitumor therapy.

Materials and methods
=====================

Cell culture, agents, and antibodies
------------------------------------

Human gastric cancer cell lines (SGC-7901 and MGC-803) and hepatoma cell lines (Bel-7402 and HepG2) were purchased from Sinochrome/Cytogenetics (Shanghai, China). All cell lines were cultured in Roswell Park Memorial Institute-1640 supplemented with 10% fetal bovine serum (Thermo Fisher Scientific, Waltham, MA, USA), 100 U/mL penicillin (Sigma-Aldrich Co., St Louis, MO, USA), and 100 μg/mL streptomycin (Sigma-Aldrich Co.) at 37°C in an atmosphere containing 5% CO~2~. To stably express Gluc and the cyan fluorescent protein (CFP), cells were transduced with the CSCW--Gluc--IRES--CFP lentivirus vector. rhCNB (enzyme unit \< 0.25 U) was provided by Haikou Qili Pharmaceutical Co., Ltd (Hainan, China). The Annexin V-fluorescein isothiocyanate (FITC)/PI Apoptosis Detection Kit was purchased from KeyGen Biotech (Jiangsu, China). The Cell Cycle Analysis Kit was purchased from Beyotime (Shanghai, China). The following antibodies were used in this study: caspase-3, p53, cyclin B1 and CDK1 (purchased from Abcam, Cambridge, UK).

Cell viability assay
--------------------

The cell viabilities were determined by MTT assay. Cells were cultured in 96-well plates and exposed to the tested compounds for 24 h. In all, 10 μL of MTT was added to each well. After 4 h incubation, the medium was removed and 200 μL of dimethylsulfoxide was added to dissolve the crystal formazan dye. The absorbance was measured at 570 nm on an enzyme-linked immunosorbent assay reader.

BrdU assay
----------

BrdU signaling was assayed using a BrdU Cell Proliferation Assay Kit (ab126556; Abcam). Briefly, cells were cultured in 96-well plates and rhCNB treatment for 24 h. Subsequently, 10 μM BrdU was added to each well, and samples were incubated for 12 h at 37°C. BrdU signaling was determined by measuring the absorbance at 450 nm.

Flow cytometry
--------------

Cells were cultured and exposed to the tested compounds for 24 h. For apoptosis analysis, cells were harvested and washed once with PBS and then resuspended and incubated in propidium iodide (PI)/Annexin V solution (KeyGen Biotech). At least 10,000 live cells were analyzed on a flow cytometer (BD Accuri™ C6; BD Biosciences, San Jose, CA, USA). For cell cycle analysis, cells were harvested and fixed in 75% cold ethanol at −20°C overnight. Cells were then resuspended and incubated in PI solution. DNA content was determined using a flow cytometer.

Western blot
------------

Cells were harvested and lysed with radioimmunoprecipitation assay (RIPA) buffer. Protein concentrations were quantified by a bicinchoninic acid protein assay kit (23227; Thermo Fisher Scientific). Proteins were size fractionated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to (Polyvinylidene Fluoride) membranes. After blocking, the membranes were incubated with primary antibodies at 4°C overnight and then incubated with secondary antibodies at room temperature for 2 h. Target proteins were examined using enhanced chemiluminescence reagents (WBKLS0100; Merck Millipore, Billerica, MA, USA).

Immunohistochemistry (IHC)
--------------------------

Immunohistochemical analysis was performed as described previously.[@b24-dddt-12-2567],[@b25-dddt-12-2567] Briefly, sections were deparaffinized and rehydrated by incubation with xylene and decreasing concentrations of ethanol. Antigen retrieval was performed by pretreatment of the slides in citrate--EDTA antigen retrieval solution. The slides were immersed into 3% H~2~O~2~/methanol for 10 min at room temperature to quench endogenous peroxidase. After rinsing in 0.05% phosphate buffered solution/Tween-20 (PBST) twice, the primary antibody was added and incubated at 4°C overnight. The slides were then washed in PBST and incubated with horseradish peroxidase-conjugated secondary antibody at 37°C for 30 min. After washing, chromogen DAB 3,3′-diaminobenzidine/substrate reagent was added onto the slides and the slides were incubated for a further 10 min. Finally, the slides were dehydrated and mounted. Images were captured using a DM2500 fluorescence microscope (Leica Microsystems, Wetzlar, Germany).

Animal models
-------------

All animal experiments complied with the National Institutes of Health (USA)'s Guide for the Care and Use of Laboratory Animals (NIH Publication No 8023, revised 1978), and all studies were approved by the Institutional Animal Care and Treatment Committee of Hainan Medical College. MGC-803--Gluc--CFP or Bel-7402--Gluc--CFP cells (2×10^6^ cells/mouse) were implanted subcutaneously in the flanks of nude mice (BALB/c, 6--8 weeks of age, infertile, 18--20 g of weight). When the tumor volumes reached 100 mm^3^, mice were divided into two groups and treated with rhCNB (20 mg/kg) and solvent control, respectively. The tumor volumes were monitored every 3 days using a handheld imaging device (TM900; Peira, Flanders, Belgium). The side of tumor was recorded by bioluminescence imaging before or after 15 days treatment (Xenogen IVIS Kinetic; Caliper Life Sciences, Hopkinton, MA, USA). Animals were sacrificed after 3 weeks. Tumor tissues were isolated and frozen in liquid nitrogen or fixed in 10% formalin immediately.

Statistical analysis
--------------------

Statistical analysis was performed using GraphPad Prism 6.0 (GraphPad Software, Inc., La Jolla, CA, USA). Comparisons between the two groups were performed by the Student's *t*-test. Statistical significance was defined as \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001.

Results
=======

rhCNB inhibits the growth of tumor cells both in vitro and in vivo
------------------------------------------------------------------

To examine the effect of rhCNB in both gastric cancer cells, human gastric cancer cell lines SGC-7901 and MGC-803 were treated with various concentrations of rhCNB for 24 h, followed by MTT assay. As shown in [Figure 1A](#f1-dddt-12-2567){ref-type="fig"}, rhCNB markedly suppressed gastric cancer cell proliferation in a dose-dependent manner in both cell lines. Consistently, BrdU assays showed that there were a significantly lower percentage of BrdU-positive cells in rhCNB-treated cells in a dose-dependent manner ([Figure 1B](#f1-dddt-12-2567){ref-type="fig"}). In addition, the significant decreased cell proliferation by rhCNB was obtained by microscope, as indicated in [Figure 1C](#f1-dddt-12-2567){ref-type="fig"}. Collectively, these results demonstrate that rhCNB inhibits the proliferation of gastric cancer cells in vitro. To evaluate the effect of rhCNB on gastric cancer growth in vivo, BALB/c nude mice were inoculated with MGC-803 cells and treated with rhCNB or vehicle. As shown in [Figure 2A](#f2-dddt-12-2567){ref-type="fig"}, rhCNB treatment significantly decreased rate of tumor growth compared to that in the control group. Consistently, tumor weight was reduced in rhCNB-treated mice compared with those treated with control treatment ([Figure 2B](#f2-dddt-12-2567){ref-type="fig"}). In addition, the size of rhCNB-treated tumors was much smaller than that of the control group ([Figure 2C](#f2-dddt-12-2567){ref-type="fig"}). Furthermore, bioluminescence imaging showed that rhCNB treatment significantly inhibited tumor growth ([Figure 2G](#f2-dddt-12-2567){ref-type="fig"}). Taken together, these data suggest that rhCNB inhibits the growth of gastric cancer both in vitro and in vivo.

We next tested whether rhCNB inhibits the growth of tumor both in vitro and in vivo in another cell model. To this end, we subjected human hepatoma cell lines Bel-7402 and HepG2 to different concentrations of rhCNB treatment for 24 h. As shown in [Figure 1D--F](#f1-dddt-12-2567){ref-type="fig"}, rhCNB markedly inhibits the proliferation of hepatoma cells in vitro. Bel-7402 cells were also implanted subcutaneously in BALB/c nude mice and treated with rhCNB or vehicle. As shown in [Figure 2D--F](#f2-dddt-12-2567){ref-type="fig"}, rhCNB significantly inhibits the growth of hepatoma in vivo. This result was further supported by in vivo bioluminescence imaging assay ([Figure 2H](#f2-dddt-12-2567){ref-type="fig"}). Taken together, consistent with the findings in gastric cancer, rhCNB inhibits the growth of hepatoma both in vitro and in vivo.

rhCNB induces apoptosis in tumor cells
--------------------------------------

To evaluate whether inhibition of cell proliferation by rhCNB in gastric cancer cells was associated with apoptosis, MGC-803 cells were analyzed by flow cytometry following Annexin V-FITC and PI staining. As shown in [Figure 3A](#f3-dddt-12-2567){ref-type="fig"}, rhCNB treatment obviously increased the percentage of apoptotic cells in MGC-803 cells in a dose-dependent manner. In addition, activation of caspase-3, one of key effector molecules of apoptosis, was detected. As shown in [Figure 3C](#f3-dddt-12-2567){ref-type="fig"}, the level of cleaved caspase-3 was markedly accumulated in MGC-803 cells upon rhCNB treatment. Collectively, these data demonstrated that rhCNB induces apoptosis in gastric cancer cells. It is well-accepted that p53 protein is a critical tumor suppressor and can mediate apoptosis in cancer cells.[@b26-dddt-12-2567]--[@b28-dddt-12-2567] Therefore, we next addressed whether p53 is involved in rhCNB-induced apoptosis in gastric cancer cells. First, we determined the expression of p53 in MGC-803 cells upon rhCNB treatment by Western blot. As shown in [Figure 3C](#f3-dddt-12-2567){ref-type="fig"}, rhCNB treatment promoted the expression of p53 in MGC-803 cells. Moreover, IHC assay showed that p53 expression is elevated in MGC-803 cells ([Figure 3B](#f3-dddt-12-2567){ref-type="fig"}). Taken together, these data suggest that p53 may be involved in rhCNB-induced apoptosis in gastric cancer cells.

We next tested whether rhCNB also induces apoptosis in hepatoma cells. To this end, Bel-7402 cells were used. As shown in [Figure 3A and D](#f3-dddt-12-2567){ref-type="fig"}, rhCNB induces apoptosis in hepatoma cells. Furthermore, consistent with the findings in gastric cancer cells, rhCNB promoted p53 expression in hepatoma cells by Western blot and IHC assays ([Figure 3B and D](#f3-dddt-12-2567){ref-type="fig"}), speculating rhCNB-mediated apoptosis in p53-dependent manner in hepatoma cells.

rhCNB induces cell cycle arrest in tumor cells
----------------------------------------------

To further investigate the mechanism underlying rhCNB-induced tumor cell proliferation inhibition, we analyzed the effect of rhCNB on cell cycle distribution using flow cytometry. As shown in [Figure 4A](#f4-dddt-12-2567){ref-type="fig"}, rhCNB treatment for 24 h resulted in G~2~/M arrest in MGC-803 cells, as evidenced by an accumulation of cells in the G~2~/M phase and a loss of cells in the G~0~/G~1~ phase. In addition, both cyclin B1 and CDK1 proteins, two proteins associated with G~2~/M arrest, were detected. As shown in [Figure 5A](#f5-dddt-12-2567){ref-type="fig"}, rhCNB treatment decreased both cyclin B1 and CDK1 protein expression levels. Furthermore, IHC assay showed that both cyclin B1 and CDK1 expression levels are decreased in MGC-803 cells ([Figure 5B](#f5-dddt-12-2567){ref-type="fig"}). Taken together, these data demonstrated that rhCNB induces G~2~/M arrest in gastric cancer cells.

We next examined whether rhCNB also induces cell cycle arrest in hepatoma cells. For this purpose, Bel-7402 cells were used and analyzed by flow cytometry. As shown in [Figure 4B](#f4-dddt-12-2567){ref-type="fig"}, rhCNB induces G~2~/M arrest in hepatoma cells. Furthermore, consistent with the findings in gastric cancer cells, rhCNB decreased both cyclin B1 and CDK1 expression in hepatoma cells by Western blot and IHC assays ([Figure 5C and D](#f5-dddt-12-2567){ref-type="fig"}). Taken together, these data demonstrated that rhCNB induces G~2~/M arrest in hepatoma cells.

Discussion
==========

CNB is the regulatory subunit of CN, and it has been shown to have potential as an anticancer agent.[@b2-dddt-12-2567],[@b10-dddt-12-2567] rhCNB also has been shown to have an anticancer effect in a variety of tumor models, which is identical to native CNB.[@b8-dddt-12-2567],[@b9-dddt-12-2567] Many recent studies have indicated that rhCNB inhibits tumor cell proliferation mainly via inducing apoptosis and activating immune cells. Consistently, in the present study, we showed that rhCNB induces apoptosis in both gastric cancer cells and hepatoma cells. In addition to apoptosis, we demonstrated for the first time that rhCNB induces G~2~/M arrest of cell cycle in both tumor cells.

It is demonstrated that rhCNB has antitumor effect in a variety of tumor models, such as human hepatoma HepG2 cells, S180 cells and E.G7-OVA cells.[@b8-dddt-12-2567]--[@b10-dddt-12-2567] In this study, we showed that rhCNB inhibits the proliferation of not only hepatoma cells but also gastric cancer cells. rhCNB induces apoptosis and cell cycle arrest in both gastric cancer cells and hepatoma cells. Moreover, we also proved that rhCNB has antitumor effect in A549 cells, HT-29 cells and Hela cells (data not shown). Therefore, although our studies were focused on gastric cancer cells and hepatoma cells, it is likely that rhCNB induces apoptosis and cell cycle arrest in other tumor types.

It is well accepted that p53 protein is a critical tumor suppressor, and early studies demonstrated that p53 induces apoptosis programs, cell cycle arrest and senescence through its transcription function to regulate a series of target genes that are involved in induction of apoptosis or senescence and inhibition of the cell cycle.[@b26-dddt-12-2567]--[@b28-dddt-12-2567] In this study, we showed that rhCNB upregulates p53 expression in both gastric cancer cells and hepatoma cells, suggesting that p53 may be involved in inducing apoptosis or cell cycle arrest in both tumor cells, but this result needs to be further verified.

Conclusion
==========

We demonstrated that rhCNB inhibits the proliferation of gastric cancer cells and hepatoma cells both in vitro and in vivo. We further showed that the inhibition of cell proliferation by rhCNB is associated with apoptosis and cell cycle arrest in both tumor cell lines. Our findings provided new insight on the antitumor mechanism of rhCNB and guidance for its drug development.

This work was funded by the National Natural Science Foundation of China (81160408).

**Disclosure**

The authors report no conflicts of interest in this work.

![rhCNB inhibits the growth of tumor cells in vitro.\
**Notes:** (**A** and **D**) Cell viability was measured using MTT assays in SGC-7901, MGC-803, Bel-7402 and HepG2 cells treated with the indicated concentrations of rhCNB for 24 h. (**B** and **E**) Cells were treated as in (**A** and **D**), and the degree to which rhCNB inhibited cell proliferation was measured using BrdU labeling. (**C** and **F**) SGC-7901 and Bel-7402 cells were treated with 3 mg/mL of rhCNB for 24 h, and cell proliferation was observed by microscope. Magnification: 10×. \**P* \< 0.05, \*\**P* \< 0.01 and \*\*\**P* \< 0.001.\
**Abbreviations:** rhCNB, recombinant human calcineurin B; DMSO, dimethylsulfoxide.](dddt-12-2567Fig1){#f1-dddt-12-2567}

![Effects of rhCNB on tumor growth in vivo.\
**Notes:** (**A**--**F**) BALB/c nude mice were inoculated with MGC-803 cells or Bel-7402 cells and treated with rhCNB or vehicle. Tumor volumes were measured at indicated time points (**A** and **D**). Tumor weights at time of sacrifice (**B** and **E**). Images of isolated tumors derived from rhCNB- or vehicle-treated mice (**C** and **F**). (**G** and **H**) BALB/c nude mice were inoculated with MGC-803--Gluc--CFP cells or Bel-7402--Gluc--CFP cells, and when tumors from mice injected with control cells reached 100 mm^3^, mice were divided into two groups and treated with rhCNB (20 mg/kg) and solvent control, respectively. The side of tumor was recorded by bioluminescence imaging before or after 7 days treatment. \*\**P* \< 0.01 and \*\*\**P* \< 0.001.\
**Abbreviations:** rhCNB, recombinant human calcineurin B; CFP, cyan fluorescent protein.](dddt-12-2567Fig2){#f2-dddt-12-2567}

![rhCNB induces apoptosis in tumor cells.\
**Notes:** (**A**) MGC-803 cells or Bel-7402 cells were treated with rhCNB for 24 h, and the level of apoptosis was determined using an Annexin V-FITC/PI double staining assay. (**B**) BALB/c nude mice were inoculated with MGC-803 cells or Bel-7402 cells and treated with rhCNB or vehicle. Protein expression of p53 was examined by IHC. Scale bars, 50 μm. (**C** and **D**) Cells were treated as in (**A** and **B**); the levels of cleaved caspase-3 and p53 were determined using Western blot, and protein ratios were calculated following ImageJ densitometric analysis. \**P* \< 0.05, \*\**P* \< 0.01 and \*\*\**P* \< 0.001.\
**Abbreviations:** rhCNB, recombinant human calcineurin B; PI, propidium iodide; IHC, immunohistochemistry; FITC, fluorescein isothiocyanate.](dddt-12-2567Fig3){#f3-dddt-12-2567}

![rhCNB induces cell cycle arrest in tumor cells.\
**Note:** (**A** and **B**) MGC-803 cells or Bel-7402 cells were treated with the indicated concentrations of rhCNB for 24 h, and cell cycle distribution was determined by flow cytometry.\
**Abbreviation:** rhCNB, recombinant human calcineurin B.](dddt-12-2567Fig4){#f4-dddt-12-2567}

![rhCNB decreases both cyclin B1 and CDK1 protein expression.\
**Notes:** (**A** and **C**) MGC-803 cells or Bel-7402 cells were treated with the indicated concentrations of rhCNB for 24 h, the levels of cyclin B1 and CDK1 were determined using Western blot and protein ratios were calculated following ImageJ densitometric analysis. (**B** and **D**) BALB/c nude mice were inoculated with MGC-803 cells or Bel-7402 cells and treated with rhCNB or vehicle. Cyclin B1 and CDK1 expressions were examined by IHC. Scale bars, 50 μm. \**P* \< 0.05 and \*\**P* \< 0.01.\
**Abbreviations:** rhCNB, recombinant human calcineurin B; IHC, immunohistochemistry.](dddt-12-2567Fig5){#f5-dddt-12-2567}
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